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ABSTRACT

This paper presents the results of experimental analysis of wet steam flow with liquid film
suction process from the surfaces of hollow stator blades. The influence of intrachannel water
separation on liquid phase parameters downstream the flat stator blade cascade has been
discussed. The investigations were performed at the experimental installation Wet Steam
Circuit-1 (WSC). The experiments were performed at initial wetness of the steagy = 6.5%
and theoretical exit Mach number M;; = 0.6.

In the studied channel there are 2 suction slots on each blade. They are made at angfe 90
to generatrix of blade profile. Isolated from each other slots are situated on the blade pressure
side. The effects of pressure drop in slots on wet steam flow downstream the nozzle blade
cascade has been studied. The mass flow rate of liquid phase for each slot has been measured.

Velocity fields of liquid phase downstream the nozzle blade cascade were obtained by the
particle image velocimetry (PIV) method.

The results of experimental study allow modifying the operating variables of intrachannel
moisture separation systems for steam turbines stages.

NOMENCLATURE

a throat of the cascade through the cross section the length of which
b chord of the blade is equal to the length of suction slots on these
Cq droplet velocity blades

C o droplet velocity in current Giig removed liquid absolute mass

flow rate
G4 sucked steam absolute mass flow rates

| relative length
My theoretical exit Mach number
n; number of droplets with diameter d
ns total number of droplets
Po total pressure
P, static pressure downstream cascade
Pch static pressure in the suction chamber
Py static pressure in the slot cross section
on the surface of the blade
S length of the line
s coordinate along the line

point at condition without film suction
c® droplet velocity in current

point at condition with film suction

Cs steam velocity

d droplet diameter

d average diameter of group of the
droplets n

2d, droplet diameter interval

Go total mass flow rate of two-phase
medium before 3 blades of the cascade
through the cross section which length is
equal to the length of suction slots on these

blades >

Ghw mass flow rate of hot water s relative coordinate along the line
after the ejector To total temperature

Giigo liquid total mass flow rate t pitch of the cascade

within the flow before 3 blades of the cascade
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tcw temperature of cold water at the as blade stagger angle

ejector inlet a1 flow exit angle

thw temperature of hot water after the 0Cyq dimensionless droplets
ejector velocities variation

X coordinate along pitchwise direction w pressure drop in the slot

Yo Steam initial wetness v slip coefficient

ap inlet angle of the flow w, coefficient of separation

ag droplet exit angle w3 sucked steam relative mass flow rate

INTRODUCTION

The operation conditions of last stages of steainirteas depend to a significant extent on the
presence of liquid phase. Occurrence of a dispeptese in the flow leads to a substantial
reduction of efficiency and reliability of stagedoisture contained in wet steam exists both as a
polydisperse droplets flow and water films on thefaces of interblade channels. According to
Deich and Filippov, 1987, the coarse droplets aee rhain source of material erosion damage.
These liquid particles are predominantly formednbgans of liquid film breakup in stator blade
trailing-edge wake. The reliability and efficienof steam turbine could be improved by removing
the liquid film from the surfaces of the statord#a.

At the moment there are a lot of experimental ssidif liquid film removing both in laboratory
conditions (Gribin et al. (2010); Filippov and Powg 1980; Kiryuhin et al. (1975); Abramov,
1970) and real operating turbines (Hozned! et @ll22 Kachuriner et al. (1988); Filippov and
Povarov, 1980). In these studies optimal geomédtiguotion slots and pressure drop in them have
been obtained.

But still there is not enough information about th8uence of film suction process on the
structure of liquid phase downstream the statadél@scade. The knowledge about distribution of
droplets main characteristics (velocity, exit angfie.) depending on operation conditions of suction
slots is very important from point of view of theosion processes analysis. Development of laser
diagnostics methods allows applying them to stidywet steam flows in turbine cascades and to
obtain necessary data about the influence of intnacel separation on droplets characteristics
downstream the stator blade cascade.

In this paper PIV (particle image velocimetry) mathwas used to investigate the influence of
intrachannel separation of water film on the fldwsture in the flat stator blade cascade.

THE EXPERIMENTAL FACILITY AND INSTRUMENTATION

The investigations were performed at the experiaidatility WSC — 1 (Wet Steam Circuit-1)
in the turbine laboratory of the Moscow Power Eeginng Institute. This experimental plant (see
Fig. 1) is used to study flow of superheated, sata and wet steam in channels of the turbines.
The principle flow diagram of WSC — 1 is represeénteFig. 1. Superheated steam from extraction
of turbine goes through two wetting stages, whighused to reduce the temperature of steam down
to the saturation condition by injecting feedwafBnese wetting stages are situated at a distance
about 50 m from the receiving tank. It provides #ggiilibrium state of medium which enters the
receiving tank.

After the wetting stages steam goes into the raggitank of WSC — 1 and passes throw the
studied channel, which is installed in a removafbek part. After it steam enters a condenser and
condensate returns in a power plant cycle. Thekbtddeed water sprayers is used to generate a
polydisperse droplet environment in the receiviagkt Average diameter of coarse droplets
generated by sprayers equals 20-30 pum. The inogeadi steam initial wetness is achieving by
inclusion of additional sprayers. Meanwhile thesgtge of feed water remains constant. The size
distribution function of generated droplets meaduby methodology described in Deich and
Filippov, 1987 in front of the blades cascade & wWorking part is shown in Fig. 2. Coarse droplet
concentration is approximately uniform in the pwese direction.
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Fig. 1 Schematic diagram of WSC-1
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Fig. 2 Size distribution of generated droplets

Total pressure probe and thermal probe were uset&sure pressuRg and temperaturdy at

the cascade inlet. The static presgeydrains are situated on the shroud plate of casadistance
10 mm from the blade trailing edge.

Flat stator blade cascade which consists of 5 blagas studied in the present work.
Geometrical features of the investigated cascael@m@asented in Table 1. A guiding plate is set on
the trailing edge of lower blade to reduce the laaup effects as shown in Gribin et al. (2009).

Table 1 Geometrical features of the flat stator bldes cascade
b, mm a mm t, mm 0o Os o1

100 20.7 74.3 90° 39.1° 16.2°




This paper studiethe process of liquid filnsuction in two slat that are placeon the pressure
side of the bladed.ength of eaclslot —20 mm and they oriented in spanwise direc Geometry
of the slots and their locatioon the bladeare shown in Fig.3. Twphase medium, which wi
sucked through the slot énters separator 1 where wateigravitates while stear is sucked by
water-jet ejector 1 (see Fig. Mlass low rate of suckedteam was determined by measurof
mass flow rate ofiot water after the ejeci Gy, coldwater temperature at the ejector i t.,, and
hot water temperature aftehe ejectort,, and solvingthe equations of mass and ene
conservation recentléribin et al. (210). The same measurement system is providesslot Il.
Static pressureRy on the blade surface and pressiPg, in the suctionchamber weremeasured
(see Fig. 3) to determine tpeessur drop in the slot:
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Fig. 3 Blade scheme

In order to study theharacteristics of liquid phase downstream theamescwe used the las
diagnostic system PIVF which is presented in Fig. 4. The medium flowahstream of the blac
cascade has been illuminated by planar laser with thickness 1 mnformed by a dui pulsed
laser. The higlspeed camera tak®600 series of the illuminated droplets2 pictures with size
3760x1800 pixelare taken at 400 ns intervals. The obtained was processed by means of F
method which allows taneasure of tw-component instaaheous droplets velocity fies on a
regular mesh (the speed range is 0— 1000 m/s; the error of measurement isn’t more 3.5%).
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Fig. 4 Laser diagnostics system



INTRACHANNEL SEPARATION MASS FLOW RATES

Experimental studies of the intrachannel separatidtat stator blade cascade were carried out
at initial wetness of steawy = 6.5%, inlet total pressuf®, = 40000 Pa anil;; = 0.6. Suction
regimes were defined by parametefsee formula 1) and investigated in area 6f 0.75-0.97. In
such range of values afeffects of steam condensation in drains and separare negligible due
to good thermoinsulation. As a result, the mass flates of sucked moisture were obtained.

The value of sucked liquid relative mass flow rate(coefficient of separation) and sucked
steam relative mass flow ragg were used to estimate the efficiency of separasiccording to
Gribin et al. (2010):

v, =% . @
v, =% . @®)

Coefficientsy, andys; depending om for the slots I, Il and combined regimes of intracnel
separation are shown in Fig. 5. For combined regiowefficienty, was related to parameterof
the slot Il and pressure drop in the slot | wasaégu= 0.9.

Mass flow rate of sucked liquid through the slotslless than through the slot Il for all
investigated cases. Variationotloes not have considerable influence on massriéevof sucked
film through the slot I. Because liquid film fulsucks through the slot | according to Khizanashvili
1973.

With increasing ofr the mass flow rate of sucked water through thelklocreases. This is due
to the fact that increasing of (i.e. decreasing of the pressure drop in the diedds to
transformation of liquid and steam flow structuineough the slot. At low values af steam mass
flow rate through the slot is high and it decreases flow section of the liquid stream. With
increasing ofr steam mass flow rate decreases (see Fig 5, bhaniow section of sucked film
increases. Thus the maximum mass flow rate of slkgaid phase is located in the arearcf 0.9.
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Fig. 5 Relation of coefficient of separationy, (a) and steam relative mass flow rates; (b) to
parameter &. 1 — mass flow rate through slot | working alone2 — mass flow rate through slot
I working alone; 3 — mass flow rate through slot | working in combined regime; 4 — mass
flow rate through slot | working in combined regime 5 — overall mass flow rate through slots
working in combined regime

Combined intrachannel separation through the $latsd Il has its influence on the mass flow
rate of sucked liquid only for the slot Il. The tsldully removes liquid film and the new one, with



lower mass flow rate, generates. It is contradievipusly obtained data, where turning on of the
upstream slot had influence only at initial wetngss< 1-2% Abramov, 1970. Apparently it is
depend on the initial dispersion at the inlet & dascade. In work Abramov, 1970 diameters and
concentration of the droplets were enough to foew film with maximum mass flow rate at the
sufficiently small distance on the blade surfacewiver total mass flow rate of sucked moisture
through both slots greater than mass flow rate exdickrough the slot Il working alone. Thus
combined intrachannel separation through the twtsdbcated on the pressure side of the stator
blade working in area > 0.9 allows removing maximum amount of liquidrfréhe channel.

APPLICATION OF THE PIV METHOD

Liquid phase characteristics downstream the statoblade cascade

The cross-correlation method PIV was used to oliteervelocity characteristics of liquid phase
downstream the stator blade cascade.

Average velocity vector field of liquid phase doweam the blade cascade at condition without
intrachannel moisture separation is presentedgr6FContours of the droplets average velocity are
also shown. Obtained droplets vector fields werec@ssed by the additional post-processing
method, based on work Garcia, 2010, in order tammee the negative effects, connected with the
presence of liquid phase in the flow (formation liwfuid film on optic glasses, laser beam
interference phenomena, flashes, formed by illutroneof large droplets).

Two droplets streams in which liquid phase velo#ys than in the flow core are clearly seen
on presented vector field. The first one is a “Wdkeated zone on the side of the blade's suction
surface (area 1 in Fig. 6) and the second onezsna in the blade trailing-edge wake (area 2 in
Fig.6). Droplets in stream 1 move with consideratigh angles in direction from blade trailing
edge to flow core.

The distributions of the liquid phase parameterpitohwise direction along the line @ {see
Fig. 6) are shown in Fig. 7. Here:

X
. (4)

Two minimums take place on the velocity profile.eyhcorrespond to the droplets streams
noted earlier. It is important to note that theueabf droplets velocities in considered zones are 0
the same level. From the Fig. 7 we can see thdésudlistribution has one peak, which corresponds
to stream 1. In stream 2 (in trailing-edge wake@ptkts angles increase in pitchwise direction from
flow core to stream 1 and there is no extremumnhis zone. The maximum value of droplets exit
angle equals 34 degrees. Such character of droplet&ement indicates that stream of liquid
particles in zone 1 (see Fig 6) is formed by ligpithse at blade cascade inlet. These droplets pass
the channel without interaction with its walls acibss the trailing-edge wake in direction from
pressure side to suction side of the blade. Alssdldroplets may occur at liquid film flow around
curved surface of trailing edge. Question aboufpttoeess of liquid particles formation in this zone
should be studied in grater detail.
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Fig. 7 Distribution of droplets velocity and anglein pitchwise direction

In order to analyze the influence of intrachanneisture separation parameters on the coarse
droplets characteristics downstream the blade dasttee additional filtering criterion was used. It
considered that the droplets with the slip coedfitih that does not exceed 0.8 are regarded to be a
coarse ones and erosion-hazardous recently Filippal;, 2012. The value ofis calculated as:

p=—d, ®)

In order to estimate the value of slip coefficiantd to reject the vectors of fine liquid particles
(with slip coefficient greater than 0.8) the Angytsent CFD code, described in the work Filippov
et al., 2014, was used to obtain the steam phasenpters. We used the standard tkwbulence
model, which was modified in accordance with Avis et al, 2007, due to which it became
suitable for calculating the wet steam flows. Inli&idn, the thermodynamic properties of water and
steam incorporated into the wet steam model imphetein the Ansys Fluent CFD code were
replaced by the formulations presented by the matgynal Association for the properties of Water
and Steam recently Wagner and Pruf3, 2002. Thisdeas with the aim of the more accurately
calculating certain condition parameters and compathem with the results of the experimental
measurements.

Fig. 8 represents the area downstream the statolebtascade, where coarse droplets were
identified by PIV method. So, a brief analyze ajuid phase motion has shown that erosion-
hazardous droplets are distributed in two typicaha:

1. Blade trailing edge wake. Here droplets are forrbgdthe breakup of liquid film from
trailing edge. As shown in Deich and Filippov, 198fis zone is the main source of erosion-
hazardous liquid particles.



2. Area downstream the stator blade cascade wheralggomove droplets, which pass the
channel without interaction with its walls and @dbke trailing edge wake. This stream of liquid
particles can't be controlled by intrachannel safam systems.

Line in trailing wake

Fig. 8 Area of coarse droplets expansion downstreathe blade cascade
Conditions with intrachannel separation from slotsve been analyzed by the same way.
Results of PIV method implementation has shown phessure drop on slots does not contribute
the variation of liquid phase parameters downstréhen blade cascade. Fig. 9 represents the
distribution of dimensionless droplets velocitieariation with respect to condition without film
suction alone the line in blade trailing-edge wédee Fig. 8). Here:
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The maximum change of velocity value doesn't ex@&B#o, which is at level of measurement
error. Thus the lack of effect of slots pressurepdon the droplets velocity characteristics
downstream the blade cascade indicates that thraatbaof liquid film flow near the blade trailing
edge doesn't change. It can be explained by thewiplg way: after the film sucked in the slot,
liquid film is formed again due to the depositidndooplets on a blade surface and near the trailing
edge it's mass flow rate achieves critical valseg (Khizanashvili, 1973).
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Fig. 9 Distribution of dimensionless droplets velaties variation with respect to condition
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Visualization of the droplet flow downstream of theblade cascad

In addition to analyzing the drops flow characteristics, the laser diagnostics syspeavides
visualization of the discretghase flow patterrFig. 10shows typical photos for condition withc
suction and condition withustior. There are two specific droplets streatiasvnstream the stator

blade cascade in these pictures:

1. Fog of fine dropletsvhich move without slip relative to steam flow.

2. Separately observed droplets. They arthemost cases correspondcoarse droplets.

One of the droplets source downstream the bladesigption of the water film from the trailir
edge. As a result, adihgue” of liquid is famed near the trailing edge. Itdestroyed by clusters
droplets and coarse dropldig the steam flo' (see Fig. 101, 3) at condition withoumoisture
suction. he analysis of a series of imachas shown thahe formation of droplets downstream
trailing edge is unsteadyhe change cthedroplets flow structure is clearly seen by commarief
photos in Fig. 10-2 and 149-where the variation of coarse droplets concéotras observec

At the condition withmoisturesuction, "tongues” of liquidownstream the blade trailing ed
appears too but they ammaller than aithe condition without intra@mnel separation. It is
validating the conclusion, made abowthat liquid film forms againon the blade’s surfac
downstream the slots butith lowel film thickness. Also clustersf droplet: are not generated at
the condition with film suctiofseeFig. 10, a, b, c, d).

Visual comparison of photos allovdrawing a conclusionconcentration oicoarse droplets
decreases at conditions wittirachannel wateseparation.
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Fig. 10The structure of the liquid flow downstream of theblade at conditionwithout
intrachannel separation (14) and with intrachannel separationz; = 0.9, = 0.95 (a-d)
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CONCLUSIONS

An analysis of obtained experimental data allowg&ingathe following conclusions:

Mass flow rate of sucked through the slot | moistsignificantly less, then through the slot II,
and does not change with change of pressure drageislot. This effect is connected with the
mechanisms of formation and flowing of liquid filim the stator blade channel.

Mass flow rate of removed through the slot Il lidygrows with increasing of parameter. The
most effective are regimes wii> 0.9.

Combined intrachannel separation through the slatsl || appears to be the most effective and
allows to remove maximum of moisture from the flow.

Analyze of the liquid phase motion has shown tha trosion-hazardous droplets are
distributed in two typical areas: blade trailinggedwake, and the area downstream the stator
blade cascade from the side of blade suction seirfac

Intrachannel separation does not provide consiteratfluence on velocities of droplets
downstream the blade cascade at certain experihcamditions.

Visual analysis of the droplets streams photosshasvn that concentration of coarse droplets
decreases at conditions with suction of liquid film
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